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A B S T R A C T
Air injection is a promising method for enhanced oil recovery (EOR) in both conventional and unconventional oil
sources. It is widely accepted that oxidation reactions between oil and injected air determine the success of an air
injection process. In this study, electron paramagnetic resonance (EPR) was introduced as a new route to in-
vestigate the occurrence of low-temperature oxidation (LTO) and its behavior by monitoring the signals of free
radicals. The EPR experiments were conducted for the diﬀerent crude oil samples (light, medium and heavy)
heated in both static air and ﬂow air (air-bubbling) conditions under diﬀerent temperatures from 25 °C to 180 °C.
The results showed that the free-radical concentrations exhibited a good correspondence on the heating tem-
perature. Furthermore, nuclear magnetic resonance (NMR), Fourier-transform infrared spectroscopy (FTIR) and
diﬀerential scanning calorimetry (DSC) experiments were carried out to help to analyze the oxidation process
and verify the EPR results. It turned out that the EPR results can be well supported by NMR, FTIR and DSC data,
which indicates that proposed EPR monitoring method can be applied as a fast and low-cost technique to in-
vestigate LTO under mild reaction conditions. Simultaneously, the combination of EPR, NMR, FTIR and DSC can
help to better understand the LTO mechanism and to monitor the application of in-situ combustion technique in
the ﬁeld.
1. Introduction
In recent decades, air injection techniques (including high-pressure
air injection and in-situ combustion) have attracted great attention for
enhanced oil recovery (EOR) in both the conventional and unconven-
tional oil resources (heavy oil, bitumen, and shale oil, etc.) (Yuan et al.,
2018a,b; Hascakir et al., 2013). In an air injection process, when air is
injected into reservoirs, it will lead to a series of oxidation reactions
(Zhao et al., 2016) which are the decisive factor that determines if the
air injection process is successful or not (Sakthikumar et al., 1995; Chen
et al., 2012; Gargar et al., 2015; Deniz-Paker and Cinar, 2017).
A lot of studies have been focused on investigating the oxidation
process. The dominant view indicates that the entire oxidation process
of crude oils can be divided into three distinct reaction stages (Tadema,
1959; Kok and Gul, 2013; Gargar et al., 2014) that are known as low-
temperature oxidation (LTO), fuel deposition (FD) and high-tempera-
ture oxidation (HTO) (Dong et al., 2013; Pu et al., 2015; Yuan et al.,
2015). The LTO, which usually occurs below 350 °C (Tadema and
Wiejdema, 1970; Moore, 1993; Li et al., 2009), is the earliest but
considered as the most complicated stage of oxidation process. The
extent of the LTO directly reﬂects whether the air injection process will
be in an expected mode in reservoir (Varfolomeev et al., 2016; Kok
et al., 2017). LTO process is still less well-understood due to the com-
plex reaction mechanism (Freitag and Verkoczy, 2005; Burger and
Sahuquet, 1972). In a real air injection process, when the air is injected
into the reservoir, LTO reaction occurs at the reservoir temperature in a
slow manner, and free-radicals chain branching reaction where free
radicals are produced through C-C, C-H and C-heteroatom bond
breakings (Al-Marshed et al., 2015; Freitag, 2016) is believed to be the
main reaction route (Wilk et al., 1986; Fofana et al., 2015).
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